Abstract In patients with bicuspid aortic valve (BAV), beta-blockers (BB) are assumed to slow ascending aorta (AAo) dilation by reducing wall shear stress (WSS) on the aneurysmal segment. The aim of this study was to assess differences in AAo peak velocity and WSS in BAV patients with and without BB therapy. BAV patients receiving BB (BB?, n = 30, age: 47 ± 11 years) or not on BB (BB-, n = 30, age: 46 ± 13 years) and healthy controls (n = 15, age: 43 ± 11 years) underwent 4D flow MRI for the assessment of in vivo aortic 3D blood flow. Peak systolic velocities and 3D WSS were calculated at the anterior and posterior walls of the AAo. Both patient groups had higher maximum and mean WSS relative to the control group (p = 0.001 to p = 0.04). WSS was not reduced in the BB? group compared to BB-patients in the anterior AAo (maximum: 1.49 ± 0.47 vs. 
Introduction
Bicuspid aortic valve (BAV), the most common congenital heart defect, is associated with progressive ascending aorta (AAo) dilation and aneurysm formation [1] [2] [3] . A study by age quintile showed a high prevalence of aortic dilatation in 56 % of those aged\30 years and up to 88 % of those aged [80 years [4] . Aortic dilation is a result of medial degeneration of the aortic wall which is likely related to a genetic defect in BAV patients [3, 5] . However, controversy exists over the relative contribution of changes in aortic blood flow patterns resulting from valve pathology versus underlying connective tissue abnormalities in aneurysm evolution in these patients [6] [7] [8] [9] . Alterations in aortic blood flow characteristics such as elevated peak velocities and significant regional increases in aortic wall shear stress (WSS) have been found secondary to BAV [6, [10] [11] [12] [13] [14] . In particular, WSS, a measure of tangential flow-induced forces experienced at the aortic wall, is of interest given that abnormal values have been associated with extracellular matrix remodeling and aneurysm progression [15] [16] [17] .
As a result of studies in Marfan syndrome patients, medical therapy in BAV patients with an enlarged or rapidly growing aorta frequently includes the use of betaadrenergic receptor antagonist (beta-blocker, BB) [3, 18, 19] . The hypothesized mechanism of beta-blocker effectiveness is the decrease of the rate of change of arterial pressure (dP/dt) and thus force on the aneurysmal segment of the aorta [20, 21] . In addition, changes in aortic hemodynamics can affect endothelial cell function by reducing WSS which is assumed to alter the path of aortic remodeling and dilatation [13] . The use of beta-blockers has been shown to slow aneurysm growth rates and reduce the risk of adverse events in aneurysm patients with Marfan syndrome [18, 19, 22, 23] . However, data on the effectiveness of beta-blocker use in BAV patients are lacking [24] and the potential mechanism of action for a therapeutic benefit remains unclear.
4D flow magnetic resonance imaging (MRI) provides in vivo blood flow visualization and quantification, and can be used to calculate regional WSS in the thoracic aorta [25, 26] . In this retrospective cross-sectional study, we used 4D flow MRI to assess the impact of beta-blocker treatment on AAo peak velocity and WSS in two matched groups of BAV patients with and without BB treatment and compared to control subjects. We hypothesized that betablocker therapy in BAV patients will result in reduced aortic peak velocity and WSS compared to BAV patients without BB therapy thus suggesting a potential hemodynamic benefit in slowing aortic dilation.
Materials and methods
Cross-sectional study BAV patients receiving beta-blockers (BB?: n = 30, M:F = 23:7, age: 47 ± 11 years) and those not on betablockers (BB-: n = 30, M:F = 23:7, age: 46 ± 13 years) underwent 4D flow MRI as a part of clinician ordered cardiovascular MRI assessment. Beta-blocker treatment status at the time of imaging was determined based on retrospective review of the clinical chart of BAV patients who had undergone 4D flow MRI. A group of age-matched healthy controls (n = 15, M:F = 12:3, age: 43 ± 11 years) were also studied. BAV patients were matched for systolic blood pressure (BB?: 125 ± 17 mmHg, BB-: 127 ± 18 mmHg, p = 0.66), degree of aortic stenosis (7 patients in each group with at least moderate stenosis based off of qualitative assessment of cine images as described in the clinical MRI report), and sinus of Valsava diameter (BB?: 3.9 ± 0.5 cm, BB-: 3.9 ± 0.5 cm, p = 0.89) and mid-AAo diameter (BB?: 3.9 ± 0.7 cm, BB-: 4.0 ± 0.6 cm, p = 0.70). To control for the potential influence of differences in BAV fusion patterns on aortic blood flow and WSS [2, 6, 10, 13] , only patients with right-left (RL) valve fusion pattern based on Siever's classification were included [27] . Eight patients in each BAV group were treated with angiotensin converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARB). Data on reason for beta-blocker treatment initiation, duration of therapy, exact dose, and medication adherence were not available in all patients and not included in the matching algorithm. Institutional Review Board (IRB) approval was obtained for this HIPAA compliant study. Subjects were included in the study according to procedures approved by the IRB.
Magnetic resonance imaging
Cardiac MRI scans were performed using routine 1.5 T systems (MAGNETOM Avanto or Aera, Siemens, Germany). Free-breathing, electrocardiographic and respiratory navigator gated 4D flow MRI data were acquired with full volumetric coverage of the entire thoracic aorta and three-directional velocity encoding [28] . Data were acquired at each cardiac time frame as a set of anatomically-weighted magnitude data and three separate phase contrast acquisitions (encoding flow velocity along all three spatial dimensions). The result is a fully characterized 3D velocity field within the acquired 3D data volume. 4D flow imaging parameters were as follows: spatial resolution = 2.88-3.36 9 2.13-2.38 9 2.5-3.2 mm 3 , temporal resolution = 36.8-38.4 ms, TE/TR/flip angle = 2.17-2.41/4.6-4.8 ms/15°, and velocity sensitivity (venc) = 150-375 cm/s. Additional standard balanced steady state free precession (SSFP) images in standard cardiovascular views were prescribed as appropriate for the assessment of patients with aortic valve disease.
Data processing and analysis
All 4D flow data were corrected for Maxwell terms, velocity aliasing, and eddy currents using Matlab-based inhouse software (Mathworks, MA). A 3D phase-contrast magnetic resonance angiogram (PC-MRA) was generated from the corrected data and a 3D segmentation of the thoracic aorta was performed (Mimics, Materialise, Belgium). Based on the 3D segmentation, time-resolved 3D WSS along the entire aorta vessel wall was calculated using a previously reported approach [25, 26] . Briefly, WSS was derived from 1D smoothing splines fitted through the tangential wall velocities at each pixel along the wall then multiplied by the dynamic viscosity of blood (3.2 9 10 -3 Pa s). Peak systole was defined by averaging velocities over the total segmented aorta for each cardiac time frame and identifying the time with highest average velocity. Time-averaged systolic values for absolute WSS and velocity were then generated using the average over the five cardiac time frames centered on the peak systolic time frame. WSS maximum intensity projections (MIP) were mapped onto a sagittal view of each aorta for qualitative review and regional analysis as shown in Fig. 1 .
Next, the AAo was isolated by dividing lines drawn orthogonal to the sinus of Valsalva and proximal to the brachiocephalic trunk and further subdivided into anterior and posterior regions (Fig. 1) . Maximum and mean WSS were calculated within each region, while peak velocity was calculated for the entire AAo. The maximum WSS and peak velocity values were defined as the average of the top 5 % of all values in a region.
Statistical analysis
All continuous data are presented as mean ± standard deviation. Comparisons between the three groups were performed using one-way analysis of variance (ANOVA). An intergroup comparison of differences in anterior and posterior WSS was performed using a paired t test. Linear modelling was also performed to identify factors contributing to hemodynamic variations. Initial modelling included the following parameters: age, ejection fraction, aortic stenosis, aortic insufficiency, sinus of Valsalva diameter, mid-AAo diameter, systolic blood pressure, betablocker treatment, and ACE-inhibitor or ARB treatment. A p \ 0.05 was considered significant.
Results
Cardiac MRI including 4D flow, post-processing, and quantification was completed in all 75 subjects. Heart rate was the only demographic variable that differed between BB? and BB-groups (62 ± 10 vs. 68 ± 12, p = 0.03) ( Table 1 ). Figure 2 shows a comparison of resulting systolic WSS MIPs in BAV patients with no, moderate, and severe aortic stenosis from the BB? and BB-groups compared to a representative control subject. Elevated WSS in BAV patients compared to controls and the impact of increasing stenosis grade on higher aortic WSS can clearly be appreciated.
Regional wall shear stress and peak velocity
Results of WSS and peak velocity analysis are summarized in Fig. 3 and Table 2 . Systolic maximum WSS was similar for the BB? and BB-patients for both the anterior AAo Anterior/posterior comparisons within groups revealed higher anterior mean WSS in both the BB? (p \ 0.001) and BB-(p \ 0.001) groups, but no difference in maximum WSS in either group. In controls there was no difference between mean or maximum anterior and posterior WSS.
Relationships between aortic WSS and patient characteristics
As summarized in Table 3 , modeling was performed for maximum WSS, mean WSS, and peak velocity. In all three models, beta-blocker use did not correlate with systolic blood pressure, nor did ACE-inhibitor/ARB use. Models for both maximum WSS (R 2 = 0.42, p = 0.02) and mean 
Discussion
The findings of this cross-sectional study indicate that BAV patients matched for age, gender, valve morphology, valve disease severity, blood pressure, and aortic diameter, AAo WSS and peak velocity were not different between patients receiving beta-blocker therapy compared to those without. Both patient groups (BB? and BB-) exhibited similar and significantly elevated WSS and peak velocity compared to healthy controls, regardless of BB therapy. Our findings are consistent with previous reports demonstrating that WSS is elevated in BAV patients relative to normal controls and has an asymmetric distribution within the AAo [6, 10, 13, 14] . Linear modeling demonstrated that aortic stenosis severity and aortic diameter at the sinus of Valsalva both correlate with changes in WSS, while treatment with betablockers, mid-ascending aortic diameter, and systolic blood pressure had no significant association. These findings are also evident from the examples shown in Fig. 2 which show that aortic stenosis grade is associated with WSS Fig. 3 Group wise comparisons of ascending aortic mean WSS (a), maximum WSS (b) and peak velocity between the BB?, BB-and control groups. The individual box plots illustrate the median and the 25th and 75th percentiles (edges), the whiskers extend to the most extreme data points not considered outliers, and outliers are plotted individually as 'o'. Significant differences are indicated by * \0.05, ** B0.01, *** \0.001 Table 2 Regional wall shear stress and peak velocity data elevation while beta blocker treatment had no visible impact based on WSS MIPs. The proposed mechanism of action of beta-blocker therapy for potentially slowing AAo dilation is to reduce WSS on the aneurysmal segment of the aorta by reducing the rate of pressure change in aorta (dP/dt). It is hypothesized that beta-blockers might be beneficial via this mechanism for reducing the rate of aortic dilatation [20] . Any reduction in pressure (static or dynamic) or change in wall compliance as a result of beta-blocker therapy should have an impact on WSS, as changes in these hemodynamic and tissue parameters will alter both velocity and velocity gradients at the aortic wall. However, the results of the current study do not show evidence of a change in peak systolic velocity or WSS between groups, and suggest that beta-blocker therapy may not impact these parameters in BAV patients. Before drawing a strong conclusion, it is important to note the potentially significant limitation introduced by the retrospective nature of our study and the associated potential for selection bias in our cohort. For example, it is possible that patients on beta-blockers may have had even higher levels of WSS and corresponding aortic growth prior to treatment, and beta-blocker therapy ''normalized'' WSS to levels of BAV patients in whom the AAo was not dilated. Longitudinal assessments or studies in patients before and after treatment would be needed to address this question.
It is well documented that outflow patterns and WSS are different depending on BAV morphology [6, 13] . While BAV morphology has not been shown to correspond with risk of aneurysm formation, it has been demonstrated that aortopathy phenotype does correlate with BAV morphology and related hemodynamics [13] . One potential process by which treatment with beta-blockers may slow aortic dilation could be a normalization of the asymmetric WSS distribution that is related to valve morphology. In our cross-sectional study of BAV patients with right-left fusion, there was a trend toward an anterior elevation of WSS which is consistent with previous reports. This finding was the same regardless of beta-blocker treatment, suggesting the beta-blockers did not change outflow asymmetry associated with valve morphology. Our data also demonstrate an inverse relationship between aortic diameter at the sinus of Valsalva and WSS which has been reported previously [15] .
While there was no difference in average WSS between the BB? and BB-BAV patients, the BB? group had a much wider range of WSS and peak velocity values, as compared to both the BB-and control group. This finding suggests that patients respond differently to treatment with beta-blockers and with different degrees of effect on aortic WSS and peak systolic velocity. If this finding is supported in longitudinal studies, hemodynamic monitoring with 4D flow MRI could identify patients who will respond favorably to treatment and better stratify patients who need alternative forms of therapy or surgical intervention.
It is important to recognize that WSS may not be the driver of aortic dilation and thus not the best quantitative measure of effectiveness. As discussed, there is considerable debate as to the relative roles of hemodynamics versus intrinsic genetic defects in aneurysm formation. If hemodynamics plays a minimal role, WSS measure will be less relevant but treatment with beta-blockers also should have little impact on aortic growth. Nevertheless, a number of recent studies [13] [14] [15] provide evidence that 4D flow MRI with full volumetric coverage of the thoracic aorta can assess wall shear stress to quantify the impact of altered flow patterns on shear forces acting on the aortic wall. However, assessment of wall shear stress can be technically challenging and care has to be taken to accurately [12] in a small group of BAV patients with longitudinal 4D flow MRI assessment found that outflow displacement was a good marker. Moreover, the underlying molecular mechanisms associated with mechano-sensing and transduction of the vascular endothelium are complex with at least ten membranebound proteins identified as potential mechanical sensors [29] . These proteins are sensitive not only to wall shear stress, but also perpendicularly-oriented pressure and circumferential-stretch forces at the vessel wall [29] . The relative contribution of each of these forces in aneurysm formation is not fully understood and it is possible that beta-blockers act through changes in these forces or intrinsically in the mechano-transduction pathways in endothelial cells to slow aortic dilation.
Study limitations
The current study is subject to several limitations. First, the retrospective nature of this study limits our ability to control for potential confounders relative to a prospective pre/post-treatment study. The BAV groups were very well matched to minimize this effect, but it is still not ideal. A longitudinal study observing the aortic growth patterns, additional hemodynamic parameters such as pressure gradient or blood pressure, and medication use would help further elucidate the value of beta-blocker treatment on aortic dilation in BAV patients. We have hypothesized that beta-blocker use acts through a reduction in WSS, but their benefit my manifest through a combination of these other mechanisms. Further studies are thus needed to confirm our results and to clarify the impact of dose and duration of BB therapy on aortopathy. A further limitation is related to the potential variability in beta blocker dosage and duration of beta blocker treatment for individual patients which was not available for analysis in our cross-sectional patient study. In addition, no data were available for compliance and adherence to medication which can be crucial during BB therapy and may have influenced our findings. However, to date no systemic evaluation of the impact of beta blocker dose and duration of therapy on aortic hemodynamics or progressive aortic dilatation has been reported in the literature. While the near immediate effect of beta-blocker therapy on blood pressure reduction is known, the long term implication of beta-blocker therapy on vessel wall protein expression, changes in compliance, and response to mechanical stimuli is not known, and, by not matching patients for dose or duration of treatment, is not controlled for in the current study. It is accepted practice to prescribe beta blockers in order to retard aortic dilatation and prevent aortic dissection and rupture in patients with Marfan syndrome. However, this practice is based on limited evidence and the influence of aortopathy development in BAV patients is still unclear. Further longitudinal studies are thus urgently needed to clarify the impact of beta blocker dose and duration of therapy on patient outcome. 4D flow MRI may be ideally suited to monitor changes in both aortic hemodynamics and geometry over the course of the treatment and identify changes in wall shear or other forces and their associations with dose, duration of therapy and development of aortic pathology.
Lastly, the methodology for quantifying WSS is dependent on several assumptions that may introduce variability in WSS measurements. Most importantly, manual segmentation of the aorta wall was performed at one time point, so aortic motion during systole was not accounted for in the segmentation. If the wall was incorrectly defined as a result of the relatively low (*2.5 mm 3 voxel size) spatial resolution or inaccurate segmentation technique, or if there was significant motion, the calculated WSS will not actually reflect the stress on the wall in that region.
Conclusions
BAV patients with right-left valve fusion pattern subjected to beta-blocker therapy did not demonstrate differences in AAo peak velocity and WSS compared to patients without beta-blocker treatment. Future work should confirm these results in longitudinal studies and determine the added value of 4D flow MRI in identifying potential medication responders to aid in treatment planning and risk stratification in BAV patients.
